Superconducting accelerator magnets usually have magnetic iron yokes to obtain maximum magnetic field and to limit stray field. However, the iron is expensive and heavy. The smaller size and weight of an iron-free magnet can result in lower magnet and refrigeration costs. However in a colliding beam accelerator the stray field from one ring produces aberrations in the field in the other.
Introduction
If the two rings of a colliding-beam accelerator can be spaced very close together, the superconducting magnets can be in a single cryostat and share the same structural support; these factors tend to make the magnets less expensive than those of separate rings.
This idea was examined for the 130-mm-I.D., 5-T CBS superconducting magnets at BNL,1 and successful models were built with two magnets sharing the same cold-iron 'structure; a complication was the assymetrical saturation effect of the close-in iron.
However, for collider magnets of smaller bore it may be advantageous to eliminate (or minimize) the magnetic iron, and to place the two rings very close to each other. The resulting light weight of the coil and structure-reduces the conduction heat leak of the mechanical supports, and the small diameter of the cryostat reduces the radiation heat leak; both factors tend to reduce the cost of the refrigeration system.
Without iron, more ampere-turns are required for a given central field; however, at high fields, saturation limits the advantages of iron, and the large iron mass is a serious drawback.
The effect of the stray field of one magnet upon the field quality in the aperture of the adjacent magnet will affect the accelerator operation and must be properly compensated. In this paper, we calculate these stray-field effects and show that compensation is quite easy to accomplish. An example case is described for a two-in-one, 8-T collider magnet with 50 mm coil inside diameters and 160 mm separation between rings (Figure 1 
Discussion
We have calculated the stray field produced by several kinds of coils --a single 60-degree-sector coil and a two-layer, so-called intersecting ellipse coil --for inside-to-outside radius ratios up to 2.0. We have found that such coils can be adequately represented, for practical purposes, by an thin, idealized, cosine-theta (ICT)-coil having a radius equal to the arithmetic average radius of the thick coil; for the example case, the ICT representation agrees with "real" cases within 5 percent in magnitude of multipole coefficients of the field produced in the adjacent ring.
All equations and graphs presented here are based on a thin-ICT model.
We represent the field on the x-axis, (By)y=O, by
(See Appendix I, Nomenclature.) Cn, then, is the magnitude of the 2n-pole field vector at radius p.
The total field in the aperture, with the two dipoles driven in opposite senses, is given by (Ref.
2) (see Appendix 1, Nomenclature): where B0 is the field in the aperture of a coil produced by that coil. In Figure 2 we show results calculated using this formula for a coil having an inside-to-outside radius ratio, a2/ai, of 2. In Figures 3 and 4 we show how the ampere-turns required for the compensating coils vary with coil spacing. Again, the graphs are for a2/aj = 2. In Figure 3 the compensating coil is located at the dipole-coil inside radius, while in Figure 4 it is at the outside radius. We see that, while the ampere-turns required for the compensating coils are much greater when they are on the outside of the dipole coils, the ampere-turns are still quite small.
For our example design with spacing of 2s/al = 6. (4 percent for n = 2, quadrupole; 1.5 percent for n = 3; and 1.2 percent for n = 4.)
The greater ampere-turns requirement for compensating coils on the outside is partially mitigated by the lower magnetic field (down by 40 percent) in that region.
If the compensating coils are separated-function coils located between the dipole magnets, then Figures 3 and 4 still apply but in a different way. To first order, if the thickness of a compensating coil equals that of the dipole coils, and it has the same current density, then the ratio of the length of the compensating coil to that of the main coil is represented by the ordinates of the graphs, and we would use an ordinate value intermediate between those given by the two graphs. If the compensating coils are thinner, then they must be proportionately longer. One might be concerned about the stray field outside the cryostats. The two-dimensional stray field on the x-axis is given by2:
where Bo is the field in the aperture. For x >> s the stray field is essentially that of a regular (non-skew) quadrupole magnet, and falls off as r3.
For a magnet with a2/al = 2, one somewhat thicker than our base design, the stray field is presented in the following The stray field at a distance of 5 meters is already less than the earth's magnetic field. But closer to the magnet the stray field could conceivably cause problems, and so we consider the effect of replacing the non-magnetic vacuum chamber with one made of mild steel, or of providing a separate shield. Some concerns over the use of such a shield are: The effectiveness of the shield in reducing stray field levels; the effect of the shield on field quality in the magnet apertures, and of changes in field quality, depending on aperture field levels, resulting from saturation. A similar analysis of the quadrupole magnet has been performed.2 The stray-field components fall off more rapidly than those of the dipoles. Each quadrupole produces a dipole component in the adjacent quadrupole, but these cancel within each cell of the accelerator structure.
Some attention has been paid to the possibility of using short-circuited compensating windings, driven by induction, in place of separately excited ones. Our very preliminary conclusion is that in this case there is no compelling incentive for using such compensators since the required excitations are predictable, identical for all coils, and linear with field.
Conclusion
The results of this brief, preliminary study strongly suggest that, for closely spaced rings using magnets with no close-in iron flux-return yokes:
1. The interaction of the magnetic fields of the magnets of the two rings with each other and with an external iron shield, if used, can be compensated with little difficulty, or ignored;
2. The capital and operating costs of such a machine can be substantially less than that of a machine of a more conventional configuration.
